The 15N-enriched ferrocytochrome c2 from Rhodospirillum rubrum was studied by '5N NMR at different solvent pH values. The m bility and chemical shift of the N-terminal glutamic acid (35.i.4 ppm at pH 5.1) were found to depend on pH. It was least mobile between pH 8 and 9.0, which is explained in terms of pH-dependent conformational changes and formation of salt linkages and/or hydrogen bonds. The resonances of the lysine side chains are centered around 341.7 ppm at low pH and move upfield with pH by about 8.4 ppm with pK. values of 10.8. The exchange rates of the eNH protons are lowest near their pK. values. The protein is very stable in the pH range between 4.9 and 10.0 but unfolds abruptly at pH 10.5-11. Denaturation was verified by the measurement of several parameters by NMR. The renaturation of the protein demonstrates that the folding begins with reformation of heme coordination and establishment of a hydrophobic core, followed by positioing of side chains and peptide backbones linking the nucleation centers. The repositioning processes had time scales of minutes to hours in contrast to the reported values of seconds in some studies.
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The cytochromes c2 are a class of electron-transfer proteins found in the non-sulfur purple photosynthetic bacteria. One characteristic of the cytochromes is their redox potential, which, for cytochrome c2, has been found to be very pH dependent (1, 2) . Ionizable groups in the protein include the ligand histidine and a non-ligand histidine, a single invariant tryptophan, various acidic residues, the N and C termini, and the two propionic acid substituents of the heme. Among the charged groups of the protein, the lysine side-chain groups on the surface of the protein which appear to be very mobile (3) are proposed to play an essential role in electron transfer (4) . Local motion of other groups and segmental motion of the N-terminal a-helix are thought to be important characteristics of the protein's structure (5) .
Recent studies on cytochrome structure include one-and two-dimensional proton NMR studies of the mitochondrial cytochrome (6) (7) (8) (9) . These studies, which are approaching complete assignment of the 1H NMR spectrum of the protein, follow an abundant literature.
Although the structures of cytochromes are well studied by x-ray crystallography (10) (11) (12) and are known to be conserved (13, 14) , their dynamic structures in solution and pH dependence are not well understood. In previous work (15), we have assigned the important 15N resonances and observed conformational changes of the reduced state of cytochrome c2 induced by changes in pH using 15N NMR. In the present paper, we report the observation of pH-induced denaturation and refolding of cytochrome c2.
MATERIALS AND METHODS
Growth of Rhodospirlum rubrum. '5NH4Cl was obtained from MSD isotopes. The G-9 (blue-green) mutant of R. rubrum was kindly provided by P. F. Weaver (SERI). Growth media and conditions were as described (15) . The 15N-enriched cytochrome c2 was purified from 15NH4CI-grown R. rubrum by standard methods (16, 17) . The purity of the protein was -99% as determined on polyacrylamide gel electrophoresis.
Sample Preparation. The cytochrome c2 was desalted on Sephadex G-25, concentrated by Iyophilization, and dissolved in 15% 2H20 in H20. The final cytochrome c2 concentration was =-3 mM. The pH, reported as the uncorrected pH meter reading, was adjusted by using 0. proton of the invariant Trp-62 exchanges with a half-life of weeks; proton coupling is easily observed. At pH 11.7, the indole nitrogen is a sharp singlet at 244.8 ppm, indicating proton exchange at greater than =100 s-1. The heme and ligand histidine TN resonances form a broad envelope centered at about 177 ppm ( Fig. 1, spectrum B) . The ligand histidine irN resonance at about 208 ppm is also broad and no longer resolved as a doublet. At pH 11.7, it is known from proton NMR studies that the ligand Met-91 is no longer coordinated with the heme iron, which significantly alters the magnetic properties of the heme. The broad 15N resonances of the ligand histidine and heme may be attributable to the paramagnetic properties of ferrous ion, although model studies of heme-histidine-containing peptides suggest that hydroxide ion should provide a strong-field ligand (22) . The width and chemical shift of the imidazole resonances suggest that the ligand histidine remains bound at this pH.
The proline imide 15N resonances are not observed in the alkali-denatured protein but appear as well-resolved singlets at 233 ppm and 238 ppm in the 15N spectrum of the native protein. Their absence is probably due to the increased flexibility of the polypeptide chains, which allows the formation of multiple conformations providing different environments for the proline residue leading to multiple resonances, each having diminished intensity.
The unfolding of the protein is further demonstrated by the NOE experiments. In the pH range near neutrality, the amide nitrogen resonances (including peptides and the side chains of glutamine and asparagine) receive a very small NOE as evidenced by the absence of negative peaks between 230 and 270 ppm ( Fig. 1 , spectrum C). However, at high pH, the side chains of glutamine, asparagine, and tryptophan are exposed and exhibit more freedom and receive large, negative NOEs ( Fig. 1, spectrum D) . In addition, the increase in base-catalyzed exchange of NH protons at high pH also increases the exchange-mediated NOE observed when the water resonance is irradiated.
Effect of pH on the N Terminus and Lysine Residues. The high-field regions of 15N NMR pH titration spectra of the "N-enriched cytochrome c2 are shown in Fig. 2 When the proton resonance of water is irradiated, the resonance of the N terminus receives a NOE that is smallest between pH 6.8 and 9.0 as demonstrated by loss in amplitude of the negative peak (Fig. 3) . The receive much less NOE at pH values of 10.5-11.0 from irradiation of water protons as shown by the low intensity of the negative peaks. The large NOE of lysine groups at low pH (5.0-10.0) is presumably mediated by fast exchange of -NH3 + protons with water and, at high pH (above 11.0) exchange of the NH2 protons with water is base catalyzed. Therefore, it appears that the eNH2 protons have the lowest exchange rate with water at pH 10.5-11.0, accounting for the small NOE in that pH range. Time-Dependent Refolding. The protein denatured by incubation at pH 11.7 was adjusted to pH 5 and allowed to refold in the absence of oxygen (Fig. 4) . The classic experiments of Corradin and Harbury (22) indicate that refolding of the protein should be possible under these conditions. Initially the protein remained unfolded. The '5N resonances of the imidazole group of the His-42 are observed at 194 ppm at pH 5.0 (Fig. 4, spectrum A) . Gradually, 15N resonances of the heme and ligand histidine TN appeared at 192-200 ppm (Fig. 4, spectrum B (Fig.  4, spectrum B) . After 10 hr of incubation, the 15N and 1H spectra matched those of the native protein except for an 15N peak at 236 ppm, which remained from the spectrum of the denatured protein (Fig. 1, spectrum B rience faster exchange with water than do the eNH3 + of the lysine side chains. The N-terminal glutamate has an unremarkable PKa of 8.4 and remains sharp and of constant intensity throughout the pH titration in spectra taken without the NOE (Fig. 2) . However, it receives a very small NOE in the pH range of 6.8-9.0, where its intensity is nearly nulled (Fig. 3) , suggesting that the N terminus is partially immobilized. A plot of the magnitude of the NOE versus correlation time for this field strength is given by Smith et al. (3) . Immobilization might occur by way of a salt linkage and/or hydrogen bond between the NH3+ or other nearby group on the N-terminal helix and a COO-group, perhaps that of glutamate 64, which is in the so-called ft loop (25) . We have attributed a generalized pH-induced change in chemical shifts that occurs with a PKa of 6.8 to movement of the ft loops (25) triggered by the deprotonation of His-42 (15) .
From the observation of pH-dependent mobility of the N terminus, it is clear that the solvent pH alters several interactions. In addition to the modification of the charges of the ionizing groups and the solvent exchange rates of the exchangeable protons, it changes the protein conformation and the segmental mobilities rather subtly. Medium pH must play a role nearly equal to that of the protein's sequence in determining the thermodynamics of protein structure (26) .
Environments of Lysine Residues. The 17 lysine residues in cytochrome c2 are not equivalent as evidenced by the large range of their chemical shifts (Figs. 2 and 3) . One resonance is located to the lowflield (340 ppm) of the rest. The lower chemical shift reflects its environment, including some ring current shift from the heme, rather than an abnormal pKa.
Based on the x-ray crystallographic structure of this protein, this resonance is tentatively assigned to Lys-13 NH3 + group, which is situated at the front heme crevice.
pH-Dependent Denaturation. The PKa values of the lysine are found to be about 10.8. The roles of lysine groups in electron transfer have been proposed and discussed extensively in previous investigations (summarized by Margoliash and Bosshard, ref. 4) . However, the role of lysine residues in maintaining the protein structure is of equal importance. The coincidence of denaturation at pH above 11.0 and the pKa of lysine eNH3+ groups at about 10.8 strongly suggests that the discharge of positive charges on the lysine side chains significantly decreases the stability of the protein (26) . Since the balance between "solvophilic" and "solvophobic" residues (e.g., ref. 27 ) is a decisive factor in determining the stability of a globular protein of this molecular weight, it is not surprising to find that decreasing the strength of the interaction with water (producing excess solvophobic residues) alters the protein's structure. The unfolded protein at such high pH remained soluble in water, probably because of the strong interaction between the peptide CONH, carboxylate, and other polar groups with solvent. Aggregation seems not to have been favored at high pH. The ft loops must form a looser structure than the a-helices because at pH 11.0 the tryptophan indole ring NH proton (11.2 ppm) exchanges with water more rapidly than the a-helix peptide CONH protons (11.0 and 11.5 ppm) as revealed by 1H NMR. This observation is in direct contrast to the results from the native protein in which these a-helix peptide CONH protons exchange more rapidly with water than does the tryptophan indole proton (15) .
Characterization of the Denatured State. A significant question to be asked about the alkali-denatured protein concerns the uniqueness of the structure of the unfolded state. The process of denaturation is generally thought of in terms of a two-state model with thermodynamic pressures that decidedly favor denaturation (or renaturation) (26, 28) . This tWo-state model seems to fit the pH-induced denaturation of lysozyme adequately (29) . In our case, the absence of clear proline resonances at pH 11 (with or without the NOE) indicates that a family of nonnative structures exists, perhaps in slow or intermediate exchange. This observation is not at odds with the two-state model; one of the two states is simply comprised of a family of energetically similar structures. In fact, our observation of well-behaved titration curves up to pH =10.5 (predenaturation changes) followed rather abruptly by a global change in shifts, line widths, NOEs, and exchange rates indicates that the two-state model is applicable.
pH-induced denaturation has been observed in many other systems and by many techniques, including 'H, 2H, and`3C NMR (30) (31) (32) . In a general sense, our results are similar to those of Epstein et al. (30) , who monitored H+-induced denaturation of staphylococcal nuclease by using 'H NMR.
They concluded that denaturation is a highly cooperative process but that localized changes are observable that proceed in addition to widespread denaturation. In our study, acidification of the protein solution produced substantial precipitation, which is a result that bears on the importance of the acidic groups of the protein but precludes any detailed NMR study of the process.
Refolding of the Denatured Protein. This experiment demonstrates directly that different parts of a protein molecule can form native-like structures independently (28, 33) for subsequent assembly into the native structure. The folding of the protein starts with the establishment of protein-heme coordinate bonds and the formation of a-helices, which occur with a half-life of a few hours or less. This nucleation, more properly called "seeding" (34) , is followed by slower events that lead to the proper positioning of side chains (e.g., tryptophan and histidine) and peptide backbone (including the well-known proline isomerism) linking the nucleation centers with a half-life of about 5 hr or less. The minimization of the free energy of the surface mobile groups (e.g., the N-terminal and lysine residues) apparently proceeds with a half-life of about 8 hr. Even slower processes are observed.
It has long been said that denaturation is a reversible process (e.g., ref. 35 ) and, because a two-state model is said to hold for denaturation, refolding must also be a two-state process. However, it is important to note that renaturation induced by the withdrawal of a denaturant or alteration of medium pH is not the reverse of the unfolding reaction, though such may be the case for thermal denaturation. The process is a circular pathway that leads to the regeneration of the initial structure. But the conditions during folding and unfolding are different, as are the energy surfaces that govern the folding and unfolding mechanisms. It is not even clear at present if there can be said to be a unique refolding mechanism, whether or not a unique denaturation mechanism exists. A major complication is that there may be several "random coil" states, all of which must tend toward the same globular structure, either through a common intermediate or along different paths. Either process would seem to require many bond rotations in random searches for nativeness. One simplification is that the number of truly globular structures is rather small, being limited by the extent to which hydrophobic residues must cluster together to avoid contact with water and by the resulting steric constraints that limit the number of accessible conformations. These considerations have led Dill (27) , among others, to think of folding as occurring in two steps. The first step is random condensation, which is the fastest response to the thermodynamic necessity of sequestering solvophobic residues from the solvent. The second step is termed chain reconfiguration, during which the protein undergoes a restricted search for a kinetically accessible energetic minimum.
In our experiments, the earliest step we are able to resolve does indeed appear to be the collapse of the core of the protein about the heme. Both of the ligand histidine ring nitrogens appear at their native chemical shifts and proton exchange of the irNH is sufficiently restricted to exhibit coupling. The widths of these resonances and those of the heme itself are consistent with diamagnetic iron, indicating that a strong-field ligand, almost certainly methionine, is in place on the other side of the heme. The events that occur after condensation could be described as chain reconfiguration. They clearly involve different regions of the polypeptide, including the N-terminal helix and two widely spaced prolines. Discrepancies between the resonances of these groups in the renaturing protein and in the native protein are resolved at different rates.
The time scale for the renaturation is surprisingly long and therefore must differ in some way from the folding of nascent polypeptides during synthesis. In several previous enzyme renaturation studies, it is reported that the folding of domains can occur in a few seconds and the pairing of the folded domains takes a few minutes (36, 37) . To some extent, the discrepancy arises from the experimental methods employed. Fluorescence intensity and enzyme activity are useful measures of protein folding but do not necessarily measure the renaturation of the molecule as a whole and might not be expected to be sensitive to the final steps of chain reconfiguration. There are, however, studies that demonstrate that renaturation may proceed on a time scale of hours. Pain (38) shows data credited to Zerovnik that clearly show an unfolded form of 83-lactamase that survives for more than an hour under renaturing conditions. Metastable intermediates exist in several cases (39) . A slowly relaxing metastable state was also observed in cytochrome c by Corradin and Harbury (22) when annealing cyanogen bromide cleavage products of cytochrome. They observed that cytochrome annealed in the Fe(III) state then reduced to the Fe(II) state was not the same as cytochrome annealed in the Fe(II) state. The misannealed protein relaxed toward the native-like state but required >24 hr to do so.
The time scale of the renaturation or folding of the cytochrome c2 as obtained from this study may not reflect the time scale of folding of the peptides when they are translated from mRNA, which is probably on the order of seconds to minutes. The folding of the peptides presumably proceeds while synthesis is in progress, although the assertion has been made (34) that relatively little folding occurs until -100 residues are assembled. In the case of the C-type cytochromes, the covalent attachment of the heme is a mysterious phenomenon that surely has an effect on the folding of the newly synthesized chain. However, when the protein is denatured or completely unfolded in vitro, the folding of the denatured protein at very high concentration probably requires unwinding of the interweaved peptide chains or other aggregated forms that may contribute to the time required for renaturation.
